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[C AL TRANSMITTBR AND RECEIVER APt>ARATUS 



The present invention relates to c^tical transmitter and receiver apparatus, and more 
pardcularly to such apparatus for use in teleconununlcaif on systems and the like. 

5 

Optical transmitter and receiver systema for use in optioal fibre baaed, 
telecommunicadon networks are well known. A typical tranamitter system . 
comprises a number of optica] components (e.g. loser, optical modulator, 
wavelength filters, etc) that are airanged to produce a laser beam that is intensity 
10 modulated to carry information* The modulated laser beam is coupled into a length 
of optical fibre and carried to a ramote receiver system that typically comprises a 
munber of optical components airanj^ to extract die informadon carried by the 
modulated laser light 

15 Ttansmh and receive circuits have previously been implexoented using optical 
components rigidly lield in place widi li^t coupled between them in free space. 
However, maintaining the necessary alignment of such components can prove 
difficult especially when the arrangement is std:iiected to mechanical shock. St is 
also known, more common in the arc, to optically couple the reqmred optical 

20 components together using short lengths of optical fibre. AlAough snoh an 
implementation provides circuits having increased robustness, it is difficult to make 
Bucti arrangements compact Furthecmore. die optical losses associated with the 
various optical Ubie interfaces can dramatically reduce device performance, and tbe 
complexity/cost of actively aligning fT8e-*5pace or fibre coupled components is also 

25 high. 

It Is an object of the present invention to mitigate at least aome oF the disadvantage 
of known transxnicter and recover systems. 

30 According to a first aspect of the invention, transmitter spparanis comprises one or 
more lasers, modulation means to intensity modulate radiation output by each of 
said one or more lasers and output means for outputting the modulated radiation 



2 

produced by the modulation means, characterised in that die apparatus comprises 
hollow core optical waveguides formed in a anbaimte which, in use, guide racfiation 
fiom the one or more lasers to the modulation means and fStom the moduladon 
means to the output means* 

5 

Transmitter apparatus is thus provided &at can be used to produce a modulated light 
signal for further transmission; ftir example down an optical fibre or through free- 
space. The guiding of light within hollow core waveguides formed in a substrate 
provides a more compact and robust optical arrangement than prior art frec-apacB or 
10 optical fibre coupled systems. Hollow core waveguide also sllow- higher optical 
power to be transmitted ttian solid core waveguides. Ftirfiiermore, the nomber of 
fibre end reflections are reduced compared to piior art fibre coupled systems thereby 
decreasing the optical losses associated with the a(qE>aratua. 

15 It should be noted that when hollow ccxe optical waveguide structures are produced, 
ttiB hollDw core is Iflcely tofill wiih air. However, this ehouldbe seen in no way as 
limiting the scope of this hivention. The hollow core may contain any flidd (for 
example a liquid or an inert gas such as nitrogen) or be a vacuum. The term holbw 
core simply means a core which is absent any solid material. Furtheaaote, the terms 

20 **Il^r* and ''opticar are yxsed herein to refer to any electromagpedc ladiation having 
a wavelength from the deep ultraviolet to the far infia-ied. 

Advantageously, at least one of the one or more lasers and the moduhidon means is 
a discrete component ifals may be conveniently located In an aligtiznent slot formed 

25 in die substrste. In other words, the laseiv and/or optical modulators of the 
modulation means are hylirid optical components prefSsFably located in alignment 
slots formed in the substrate. The alignment slots arc appropriately shaped to accept 
the component and may ttius be deeper/shallower and/or wider/narrower than tb& 
various liollow core optical waveguides as neceasary. Spring clips or micro-grippers 

30 may be used to secure the components in place. 



FuTthennor^ the aUgozDcnt slot may also be fabricated with suffiQieTit accuracy to 
align the optical component that it receives. Placing an optical component in auch an 
alignment slot wiU thus Inherently align the optical component and a component 
alignment or aiiyuatment step ia not required. In other woorda, the present invendon 
5 may provlda passive alignment of opdcal components instead of xequixing an acdve 
alignment step in which the position of a componeni 1$ adjusted (e.g. by hand) until 
the desiied alignment is achieved. Conventional pldc and place techniques of the 
type used in the mannfactuxe of electronic cinmits and the lilce could be used to 
place the optical components in the associated aUgnment slot Alternatively, pick 
10 and place tedmiques may provide the necessaty alignment. Fbr example, a 
component could be accurately aligned when placed apd then fixed (eg. glued) to 
remain in alignment Surface tension alignment techniques (e.g. solder xeflow) may 
also be used to align components such as laseis etc. 

15 The alignment slots and (especially} the optical components aie manufactured wliQi a 
certate size tolerance* The coupling efficiency between a optica] component and an 
associated hoUow core optical waveguide, will reduce as the angular enor of 
alignment of the optical component with respect to the hollow core waveguide 
increases. However, reduction of the cross-sectional dimensions of the hollow core 

20 waveguide will increase the acceptable angular alignment tolerance, albeit at the 
expense of sllg^tiy increased losses In the optical waveguide due to the reduced core, 
dimensions and increased (tighter) lateral alignment tolerances. Thetefore, 
Icnowledge of the aligirmrat tolerances that will be achieved with a certain optical 
component (e.g. bom knowledge of the manufacturing tolerances of the optical 

25 component) will permit the dimensions of the hollow core waveguide to be selected 
to ei^^uie a hi^ coupling efficiency. Alignfnetiic slots of this type may also be used 
to hold die various optical coniponents (e.g. optical isolators, lenses, beam 
combinii^ means, detectors* wavelength filters etc) described below. 



30 



Conveniently, at least one of the one or more lasers and the one or more optical 
modulates ia a monolithic component formed in the substrate. H^ce, if a suitable 
substrate materiaKs) is used» any one of the one or more lasers and die one or mote 



4 

optical modalatars may be monoHthically fonned io/ficom the aubatroiB. As 
dfisorlbed bdlcw in relation to lidAxase configurations the substrate may comprise 
regiotia consisting of material (e.g. GaAs) in which monolithic conqK>nents may be 
roimed A cooDoArination of hybrid and monolithic components la also possible. 

5 

Advantageously, the output means is arranged to couple the modulated radiation into 
at least one output optical fibre, Pieferably. tiie ou^t means comprises at least one 
optical fiibie attachment means to provide both optical and mechanical attachment of 
the fibre to the apparatus. Bach optical fibre attachment means may comprise an 
10 ali^iment dot or V-groove formed in the substrate that is arranged to hold a solid 
. core optical fibre in pkce theteby allowing optical inpttts/oQtputs to be made to the 
apparatus. Slipped optical fibie alignment slots may also be provided to hold both 
the buffer layer and the cladding. Spring clips or mioio-^ppers may also be 
ptovidedto seccDccthe optical fibroin place. 

IS 

The aligmment of the core of a hollow core optical fibre - wid:i a hollow core 
waveguide of the apparatus, achieved for example by clamping the optical fibte 
cladding in a alignment slot, would also be advantageous as the air coce to air com 
cotmection would l3e fiee firom any tmwanted cefleclions. However, the skilled 
20 person would recognise that the use or hollow core optical fibres is only likely to be 
practical for multi-mode waveguide applications. 

To provide efficient coupling between the core of an optical fibre and the hollow 
core wavegi4d0 Of the optical circuit, the cross-section of the hollow coie waveguide 
should he appropriate for the cross-section of the optical fibre core. Di the case of 
solid core fibres, leakage into the cladding means that the width of iHq mode carried 
hy Ihe fibre is actually gxeater than the core diameter; for ex&mple typically the 
lO^m solid cote of a single mode glass fibre has a total field width of around I4vim 
diameten 

If the mode width of the fibre is different to ttiat of the hollow core waveguide, the 
at least one optical fibze attachment means may advantageously be arranged to 



25 



30 



5 



nccdvo a lenscd output opdcal fibie. Lensed fibros allow the optical field to be 
expanded or reduced aa appropriate to enable light to be coupled to/from fibres with 
a different size core to that of the hollow core waveguide. 

5 The at least one €>ptical fibre attachment means may also advantageously comprise a 
mode matching mean. The mode matching means may comprise discieto lenses Ce.g. 
ball or ORINrod etc) that axe located in die substrate andu$ed to reiducc/expand the 
Optical field fixsm a fibre end aa tequired. The lensaa may cany an and-reflection 
coating. Hie mode matching means may altematively or additionally compdse a 
10 tapered hollow waveguide section to expand/reduce the optical field as it propagates 
thcough the device. 

Conveniently, the apparatus comprises one laser. The single wavelmgth modulated 
laser ouqput may then be coupled, for example, into a sin^e optical fihce. The 
IS apparatus thus provides u discrete single wavelength transmitter module. The skilled 
person would appreciate that such a module may be co-located with other single 
wavdength transmitter modules (possibly ateo accordmg to the present hivention) 
tifie outputs of which may be fed, via optical fibre, to a beam combiner. 

20 Advanta^usly« a plurality of lasers may be provided Typically* each laSer will 
have one associated optical modulator to penult separale data to be carrfed by the 
light produced by each laser. Each of said plurality of lasers may conveniently have 
a different output wavelength such that ttie apparatus may }^ used to generate two-or 
more wavelength channels for transmission down a single optical fibre. 

2S 

Beam combining mean^ may also be advantageously provided. The beam combimng 
means may be arranged to combine die plurality of ioioclulatBd beams into a 
combined beam, wherein said combined beam is coupled into a single output optical 
fibre. In this manner, a number of wavelength channels can be Ctanamitted down a 
30 single transmission fibre. 



" " '"g *"" 

Conveniently, each of aaid plurality of modulated beana ia coupled into one of a I 
plaralliy of oatpnt opUdal fibres. A separate (e.g. fibre coapled) beam combining 
meana nuy alao be piovldod to combine die plurality of single wavdengtfa channela 
cazried by eajch aepamto output fibre* of the apparatus* 

5 

Advanta^ously. one of aaid one or Tnote lasers is a semiconductor laser and 
preferably said semiconductor laser la a wavelength nmeable semiconductor laser. 
The use of at least one wavelength tunable laser provides flexibility over die 
wavclongth channels provided by the apparatus. For telecommunication 
10 appllcatioiis. the W4(ve1engths output by tiie laser(B) ia typicaDy witliin the lA\im to 
1.6|lm tplecomrnimications wavelength band. 

Advantageously^ one or moce detectors axe provided to monitor the intensity of 
radiation outpat by said one or more lasers. An optleal tap may be provided to 
IS extract llg^t from the hoDoW core optical waveguide for diicction to the detector. 
The optical tap may advantageously be a beam splitter or a hollow coie Rudd-mode 
interference (MMO device of the type described In OB2003/000331 and 
CSB2003/000370. 

20 CcmveniBntly» the apparatus forther comprises at least one optical isolator. The 
provision of an optical isolator ensures lefleotlons within the apparams are not 
coopled back into the laser whm diey may be amplified furttier. A combined laser 
and optical isolator pack^e may also be used 

25 The outpat provided by certain types of laser, in pardcular semiconductor lasers, has 
a CMtain beam shape dictated by the laser structuxe. Therefore, one or more beam 
shaping means may be advantageously provided Beams shaping means win allow 
the shape of the beam to be matched to the opdmum beam shape that can be coupled 
into the a$$.ociated hollow core optical waveguide. Ihis ftirdier reduces the optical 

30 losses of the apparatus. 



Advantageously, at least one of said laser beam shaping means compcise one or 
moie lenses. For example, cylindrical or ball lenses could be uaed. At least one of 
the beam shaping means may also or alternatively comprise a tapered hollow com 
optical waveguide. The taper may be in one or two dimensions. For example, in the 
S case of a waveguide of rectangular cross-section the waveguide width may be 
tapered whilst the wavegnlde depth is invariant. 

A number of beam shaping means may also be provided between the various 
components of the apparatus. For example^ a setni-conductor laser may produce a 
10 3)im by lOllm laser beam which is re-8hq»d to a beam of 4pjn radios for optimum 
transmission through optical modulator. After passing through the optical 
modulator, the beam may be reshaped again to optimise coupling efficiency into an * 
optical fibxe. 

IS Conveniently^ said modulation means comprises one or nu»e electro-optio 
modulators. For examplei Gallium Arsenide (GaAa) electro-optic modulators. A 
numb« of alternative modulators, for example a Lithium Niobate bulk modulator or 
a electro-absorpdon modulate (BAMQ, could be used. Typically, a digital control 
signal is applied m the modulator so that a digital intensity modulation (l.e. 0 or 1) is 

20 applied to the output of flie associated laser. 

Accordmg to a second aspect of fhe invention, transmitter apparatus comprises at 
least one laser capable of producing intensity modulated radiatton and output means 
for coupling the radiation produced by the laser into at least one ouQmt optical fibre 
25 charact^sed in (hat the apparatus comprises hollow core optical waveguides formed 
in a substmte which, in use. guide radiation from the at least one laser to the ai least , 
one Optical fibre* 

Transmitter apparatus is thus provided ttiaJ: uses a, modulated laser to produce a 
30 modulated Ught signal for transmission down an optical fibre. The guiding of light 
within hollow core waveguides formed hi a substrate provides a more compact and 
robust optical airangement than prior art free space or optical fibre coupled systems. 
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Hollow core wavegoide also allow hi^er optical power to be tronsmitted lihan solid 
core waveguides. Rutherxnoie, the number of fibre end zeflecdona are reduced 
compared to prior art fibre coupled systems thereby deoicaaing the optical losses 
flflsociated with the apparatus. 

S 

The output means may comprise at least one fibre attachment means. The at least 
one optical fibre attachment means may advantageouaiy be arranged, to receive a 
lensed output opdoal fibre* and/or may comprise mode matching means as desoribed 
above. 

10 ' • 

According to a third aspect of the bivention, receiver apparatus comprises one or 
more detectors and one or more optical fibre attachment means, the one or more 
optical fibre attachment means being aitangpd to receive one or more one optical 
fibres, diaractexised In that radiation is guided firom the one or more opdca! fibres to 
15 the. one or more detectors by at least one hollow core qpdcal waveguide formed in a 
. Substrate. 

A receiver is thus provided that detects optically modulated signals teceived from an 
optical fibre and converts such signals into electrical analogues* The guiding of light 

20 witiiin hollow core waveguides formed In a ^obBtrate provides a more compact and 
robvsl opdcal arrangeniefit than prior art free apace or optical fibre coupled systems. 
Hollow core waveguide also allow higher optical powers to be received than solid 
core waveguides. Fkuthermore, the number of fibre end reflections are reduced, 
compared to prior art fibre coupled systems thereby decreasing the optical losses 

25 associated with the ^paratus. 

The fibre attacdiment means may coniprise any of tlie fibre attachment means 
described above for the transmitt^ apparatus^ 

30 Advantageously, the apparatus comprises a plurality of detectors enabhng multiple 
* " optical signal (e.g. different wavelength channels) to be detected. The apparatus may 
comprise a plurality of optical fibre attachment means that are arranged to receive a 
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plurality of optical fibres; each of said pluzaliiy of optical fihrea may than be guided 
to one of the phxrality of deteotoiB. 

Altematively, out optical fibre attachnmit moans is conveniently provided, said 
S optical fibr3 attachment means being arranged to leccive one opdcol fibre cairying 
ladiation comprising a plurality of diffetent wavelength channels. The apparatus 
advantageously further comprises wavelength de-multiplexing means, said 
wavelength de-multiplexing means being ananged to separate said dlfifeient 
wavdcngth ctiannels and to direct each wavelengtfi diannd to one of the plurality of 
10 detectors. In other words, the f^tpatatus pecfonns a detection and de-multiplexing 
function. 

Advantageously^ at least one variable optical attenuator is provided and is arrange 
. to allow controllable attenuation of the radiation received from said at least one 
. IS optical fibre. 

Conveniently, at least one wavelength selective filter is also provided to ensure only 
ladiftticHi of the required wavelength is directed to the detector. 

20 Advantageously, the at least one optical fibre attachment means comprises a mode 
m^hipg means; e*g^ of the type describe above in reifilion to the transmitter 
appmtus. The at least one optical fibm attachment means may conveniently be 
arranged to rBceive a leased optical fibre. 

25 According to a fourth aspect of the invention, tiansmitfreceive ^^aratus is provided 
that comprises transmitter apparatus according to tiie firdt or second aspect of the 
invention and receiver apparatus according to the third aspect of the invention. 
Advantageously^ (he transmitter apparatus and the receiver apparatus are foxmed on 
a coTDinon substrate thereby forming integrated transmit/receive G^aratus, The 

30 integrared transmit/receive apparatus Tnay also comprises a demultiplexer and/or a 
zcuiltiplexer. A bypass hollow cote waveguide may also be provided. 
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Advantageously, the apparatus is formed in a substrate comprising semiconductar 
material. Semiconductor substrates, such as Silicon, con conveniently bo etched to 
provide hollow core waveguides with high accuracy using micro-fabrication 
techniques. The substrate may advantageously comprise a multiple layer wafen for 
S example SiOe, sillcon-on-insulator (SOD» siiicon-on*glass or OaAs-on-silicon. A 
person skilled in the art would recognisd that micro-fabricailon techniques typically 
involve a lithography step to define a pattern, followed by an etch step to transfer the 
pattern in to one or more layers on^ or in, (he substrate material. The llthogr^hy step 
may comprise photolithography, x-ray cm: e-baam lithography. The etch step may be 
10 perFomied using ion beam milling, a chemical etch or a dry plasma etch. 
Advantageously, the optica] circuit is fom:uBd by deep nsactive ion etching (also 
tamed a deep dry etch or a deep silicon etch). Micro-falmcatian tedmiques of this 
type arc also conxpatible with various lay6r di^oaitlon techniques such as sputtering, 
CVD andelectzo-plating. 

15 

Although substrates that comprise a^»iconducU)r material can advantageously be 
used, the device could also be formed on a variety of alternative substrate. For 
example, quartz, silica or glass substrates could be used. Conveniently, the substrate 
used in the ptiesent invention can readily have sraaiconductor processing techniques 
20 ^lied thereto. It should be noted that although semiconductor processing 
techniques ari&, by definition, developed for use with semiconductor anbstratas they 
may also be advantageously applied to certain non-semiconductor substrates where 
the semiconductor properties of the substrate are not required. 

25 Advantageously, the hoUow core optical waveguides of the appatatua have a 
substantially lectangLdar (which herein shall include square) cross-section. A square, 
or almost square, cross-section hollow core waveguidi^ provides a waveguide in 
which ^e losses are substantially polarisaclon independent and is preferred when the 
polarisation state of the Hg^it is unknown or varying. Pfni^nsioning the waveguide to 

30 have a depth greater than its width increases polarisation dependent losses, but may 
be advantageous when the polarisation state of light propagating through the 
waveguide is known. Although rectangular cross-section waveguides axe 




convenient; many altematlvo waveguide shapes could be employed For example^ 
ckcuiar, elliptical or v^shoped wavegnides could be provided 

Advantagednsly^ the hoUow coie optical waveguides are dunensioncd to preferably 
S guide radiation propagating in the fundamental mode 0.e. higher order mode ore 
highly attenuated by fhe waveguide). Alternatively, the hollow core optical 
waveguides m^y be arranged to support the ptcpagatioa of multiple modes but the 
appamtus arranged such that li^ is cot^led into the waveguides in a maimer which 
excites only the Amdamental mode therein. For lig^t in the 1.4(un to 1.6Mm 
10 tdeconununications band» a multi-mode hollow core optical waveguide preferably 
has a cross-sectional dimension greater thaoi SO|jiq, more preferably greater than 
lOOMm and more pxefecaibly greater than ISOjjUti. 

Conveniently, the internal surfaces of the hollow C(m optical waveguides carry a 
15 reflective coatnig. The material providing the teflective coating may be a layer of 
metal such as gold, silver or copper. Metals will exhibit a suitably low refkactive 
index over a wavelength range that is governed by die ph}^ical propenieis of tibe 
metal; standard tmt books such as "the handbqolc of optical constants'* by B. D, 
Falik, Academic Press, London, 1998, provide accurate data on the wavelengrfa 
20 depmdent te&active indices of various materials. In particular, gold has a refractive 
index lesfi than that of air at wavelengdis within the range of around SOOnm to 
2.2pia; this encompasses waveleagths within the important lelecommunicatloiis 
band of 1400Dm to IfiOOnm. Copper exhibits a refractive index less than unity over 
the wavelength range of 560nm to 2200nm, whilst silver has similar refractive index 
25 properdes over a wavelength range of 320nm to 248Qnm. 

A layer of metal may be deposited using a variety of techniques Icnown to those 
skilled In the art. These techniques include sputtering, evaporation, chemical vapour 
deposition (CVD) and (electro or electro-less) platLng. CVD and plating techniques 
30 allow the metal layers to be deposited without significant direction dependent 
thickness variations. Sputtering using a rotating sample mid/or somice would also 
provide more even coverage. Plating techniques are especially advantageous as diey 
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pennit batch (i.e. muIti-aubstrBte parallel) imKWslng to be undertaken. Jsi pardcular. 
dectro-less plating ia prefened for confofxnallty. 

A aldlldd pemon woold recogniae that adhesion layers and/or barrier dif ftision layers 
5 could be deposited prior to depositing the layer of metaL For example, a layer of 
chrome or titanium could be provided as an adhasion layer prior to the deposition of 
gold. A diffusion bairier layer, such as platinum^ may also be deposited on the 
adhesion layer ptior to gold deposition. Alternatively, a craibined adhesion and 
diffusion layer (such as titanium nitride, titanium tungsten alloy or an Insuloting 
10 layer) could be used 

The reflective coating may also be provided by a stack of layers of any one or more 
of metal, dielectric, or semiconductor, for example dielectric staclcs or metal- 
dielectric stacks may be provided. The refleotlve piopardes of any multiple layer 
IS stack may also be dependent, to some extent, on the properties of the material on 
which they are deposited. Hence» .tihe matnial of the substrate may also fomi a base 
layer, and be a pait of, any such multiple layer stack. 

In ifae case of a dielectric stack, a person skilled in the art would recognise that the 
20 optical thickness of a dielectric layBr(8) provides an interference effect that win 
detertnine ths reflective properties of the coating, The dielectric material may be 
deposited by CVD or sputtering or reactive sputtering. Alternatively, a dielectric 
layer could be formed by chemical reaction with a deposited m^al layer. For 
example, a layer of silver could be chemically reacted with a halide to produce ^ tfain 
25 surface layer of silvff halide. 

If a reflective coating is provided, the nmnber of marerial that can be used to ibnn 
the substrate is greatly increased "Pov example, plastic waveguide apparatus may be 
fabricated by techniques including hot embossing or injection moulding. The 
30 technique involves forming a master. The master may be formed in semiconductor 
material, such as silicon, using a dry etch. Altemadvely, flie master may be 
fonned by electro deposition of layers using the LICA or UV IIQA technique. Once 
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the master la fonned, the hollow ooto wavegnidea may bd formed in a plaAtio 
subattaio by stamping prodsing) or hot stamping. A master may also be 
fabricated which is suitable for fbrniing a sub-master that can be used to fomi the 
hollow core waveguides in tfie plastic substrate. Hollow plastic waveguides can dius 
5 be fonned and coated with a rcflcctiye coating. The plastic hollow coca waveguides 
that carry the reflective coating mtay also be formed from plastic or a polymer. For 
example^ the hollow coxe waveguides could be formed using a lithographic proceaa 
on a "spin-on" polymer coating (eg. SU8 available iiom Microchem. Gorpoiation) 

10 Conveniently, the aubattafie cominlseB a baae portion and a lid portion. In other 
words, two piocea of maleiial may be combined to fomi the hdliow core waveguide 
atfucturea of the apparatus. The base portion ooay be formed ftam a different 
material to the lid portLCn* lliis would allow» for eTcampIe, the hollow core 
waveguide and certain optical componenta to be farmed in a base portion (e.g. made 

15 of silicon) whilst cisrtain electronic and/or electro-opdc components (e.g. photo- 
diode/laser etc) are fonned in a GaAs lid portion. Alternatively* all the optical 
companc9its and channels may be fonned in the base portion whilst a substantially 
flat piece of material forms the Ud portion; this anangement would not require any 
lid/baae aUgnmenc step during aasenibly. Such arrangements provide a convenient 

20 means of producixig ttie necessary hollow core waveguides and are described in 
more detail in PCX patmt application OB2003/000331 . 

The invention will now be described, by way of example only* with reference to die 
accompanying drawing; 

25 

Hgure 1 which shows a hollow waveguide transmitter module according to the 
present invantioHf 

Hgure 2 shows a hollow waveguide receiver module according to the present 
30 invendon, 



Figure 3 ahows a number of transmitter modules and leceiver modules used In a 
multiple wavelength optical communicadona ayatem* and 

Figure 4 illustrates how such a device may be used as on intcmiediate node in a 
S multiple wavelength optical commuxdcadons netwoik. 

Referring to figure 1 a tranamitter module 2 according to the present invention can 
be seen to comprise a plurality of optical components; namely a semiconductor laser 
source 4. a first detector 6. an optical isolator 8, a QaAs electro-optic modulator 10, 
. 10 a beam apUtWsr 12, a second detector 14 and ball lenses 16. The optical components 
are held in alignment slots formed hi abase portion of a silicon substrate 18. Hollow 
. core optical waveguides 20 are also formed in the base portion of the substrate IB 
and axe larraQged to opticaUy link the vanous optical componCTts. 

13 In use, the laser apurce 4 generates light that is coupled, via hollow core optical 
waveguide, to (he first detector 6 and also to the optical isolator 8. After passing 
through the optical iaclaior 8 and two ball Irases 16 the light ia modulated by the 
OaAs dectiD-optic modulator 10. A small portion of the modulated light is routed, 
via the beam splitter 12. to a second detector 14 whilst the remaining modulated 

20 light is coupled into a lensed optical fibre 22. The first detector 6 allows tiie raw 
laser output power to be monitored, whilst die second detector 14 is provided to 
monilDr the hitanaity of the modulated laser beam. 

Refecting to figqra 2, a receiver module 30 according to tiie present invention is 
25 shown. The xecdver module 30 comprises a number of optical ccmoponenta, namely 
a detector 32 and a filter 34, The optical components are held in alignment slots 
fcmied ia a base portion of a siiicpn substrate 38 and hollow coxe optical 
waveguides 40 aie used to optically ifav flie various optical components. 

30 In use, modulated light from a lensed input optical fibre 42 ia coupled into die 
hollow core optical waveguide 40 and guided to die detector 32 where the 
modulated signal carded by the light is convextedinto an electrical signal. 
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Th6 hollow cofc waveguides of the transmitter and receiver modulca are fonned 
from substrates having a base portion and a lid portion; for example* as shown in flie 
tecdonal view of the receiver hi figure 2, a base portion 38a and a lid pordon 38b. 
S Typically, allgommt slots are provided in the base pordon to receive the various 
discrete optical componenis of flie oircait. The alignment slots are provided with 
sufflclent acGuraoy that the component self-align when placed in there Te$p0CtiVd 
alots. This passive alignment ensures the optical components fire aligned with 
respect to the hollow waveguides of the substrate without Ihe need for an active 
10 * alignment seep prior to component attachment The sldlled person would appreciate 
that certahi optical structures could alternatively be formed monolittucally frem the 
substxate. 

The lid portion may simply compnae a substantially flat piece of material Ibst is 
IS attached (e.g. ghied using a layer of epoxy) to the base poition in order to fidly 
define the hollow core waveguides. Altemativelyt optical components or stnictures 
(e*g. cavities corresponding to CQmponents in the base portion) may be formed in or 
attached to the lid portion. The lid portion inay also be formed ftom a different 
material to the base pordoru For example^ the base pordon may be formed from • 
20 siliGon^ whilst the lid pordon is formed from OaAs. This would enable alignment 
slots to be formed in die silicon base portion whOst control electronics ftnd/or 
dectro-optic components (e^g* photo-diodes, lasers etc) aiB formed in the QaAa lid 
pordtm. 

25 The use of sections of lioUow coce waveguide to couple the various optical 
coxnponents reduces the optical losses associated with fibre coopTed ays^ms and 
removes dispersion effects associated with fiee-space systems. Birthennore, 
forming the hollow core optical waveguide and the alignment slots in a common 
substrate allows the optical components to be precisely aligned with the hollow core 

3D optical waveguide thereby maximising optical effidenoy. 
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Refeiring to figure 3» h is shown how a phirality of transmitter modoloa 2a-2d of the 
type deaoribed with reference lo flgore 1 and t plurtiliQr of receiver modules 30a-30d 
of Che type described with reference to figure 2 can be used to implement a multiple 
wavelength optical communications netwoik. The communications network 
S comprises a transmitter portion 50 and a receiver portion 52. 

The transmitter portion SO comprises a first transmitter module 2a arranged to 
gianerate radiation of wavelength Xi, a second transmitter module 2b arranged to 
generate radiation of wavBlength Xa, a third transmitter module 2c arranged to 
10 generate fadBadon of wavelength Xs and a fourth transmitter module 2d arranged to 
gmexate radiation of wavelength 7^, Each light beam is intensity modulated to cany 
information. 

The four intensity modulated beams (Xi to X4) are carried fipom diek respective 
' IS transmitter modules in short lengtiis of optical fibre 54sL-S4d to a multiplexer 56. The 
multiplexer 56 is airanged to comldne the beams and to couple them into a single 
transmiSBioa optical fibre SS. The transmission optical fibre 58 may be many 
kilometres long» and one or mom amplification nodes such as eibium doped 
amplifiers (not shown) may be ptovided at points along its length if required. A 
20 suitable hollow core EDFA is described in a co-pending OB patent application 
having the agpnt'a reference QIP/P7294. 

The receiver portion 52 comfurlses a demultiplexer 60 which receives the combined 
(ki to Xc) beams fiom the transmission optical fibre 5S and aeparaies out the four 

25 wavelength con^onents. Short lengtiis of optical fibre 62a-62d are used to couple 
radiation of wavelength 9Li to the first recdv^ module 30a, radiation of wavelength 
Xi to fhe second receiver module 30b, radiation of wavelength X3 to tlie thircL 
receiver module 30c. and radiation of wavelengtii X4 to the fourth receiver module 
30d. Each receiver module converts the mtensity modulated signal into an electrical 

30 signal. 
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The transmitteT portion and dio receiver portion are each fabricatBd uaing a silicon 
substrate; typically the substrate comprises a base portion (in which alignment slots 
for optical components and waveguide channels axe foimed) and a lid portion. This 
arrangement allows each portion to be significantly smaller than prior art systems 
5 which comprise a number of components (c.g. laser, optical isolators, modulatars 
etc) thai aie individually packaged and linked by lengths of optical fibre. Fabricating 
transmitters and leceiyars of the present invention is also leas complex than prior arc 
fibre coupled systemSr and may be performed using automated ''pick and place** 
manuf actuzing techniques. 

10 

Although figure 3 shows discrete, fibce coupled, muMplexer/demulttplexer 
components that are used in combinatiDii with separate transmit/receive modules it 
is also possible to fbon/locate such camponents on the same substrate as the 
associated transmit or receive module. Multiplexers and de-muldplexers fliat can be 
IS implemenled using hollow core optical waveguides are described in more detail in 
penffing OB patent appllcatioa 0306634.7. In such an arrangement, the optical fibres 
54 and 62 may be replaced wltti hollow cdre optical waveguides fcnmed in the 
substrate. This arrangement further reduces die optical losses of the system. 

20 Althoui^ a four wavelength system in described above, the skilled person would 
appt^iate that a fewer or greater number of wavelength chaimels could be used as 
required. Furthennore. althou^ the system shown in figure 3 in arranged to transmit 
data in a single direction, it would also h& possible to implement two-way data 
transmission/receipt systems. For example, a combined transmit/Tecelve portion 

25 could comprise one or more transmitter modules of the type described with 
reference to fignre 1 and one or more receiver modules of the type described with 
reference to figure 2. 

Referring to iigure 4. a combined tranamit/r^eive device 70 is $hown for Indasion 
30 at a point along a multiple wavelength optical Fibre transmission line 72 that is 
arranged to carry, say^ ten signal beams of different wavelength (Xi to Xio)» A drop 
demuldplexer 74 is arranged to direct up to three of the ten signal beams to the 
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transmit/receive device 70 and a add demultiplexer 76 Is ammged to add up to three 
beaina to the fibre trananuaaioD line. 

The transmit/receiver device comprises a receive stage 78 and a transnilt stage 80. 
S The receive stage 78 comprisea three receiver modules 30a-30c of die type described 
with* reference to figure 2 and the tiansmit stage 80 comprises three transmitter 
modules 2a-2c of the type described with leference to figure 1. The teceJve and 
crait$TTiit Stages arc formed in a common silicon substrate 82 and thus provide a 
more compact arrangement than that possible using a plurality of fibre coupled 
10 optical components. 

In uae» the drop demultiplexer extracts up to duee of the wavelength channels (say 
Xu ^3 and X4) firom the fihie transmission line 72 and directs each wavelength via 
optical fibres 73a-73c to associated ttodvec modules 30e-30c. In this example, 
15 wavelength X% is directed to the first receiver module 30a, vravdcngdi X3 is directed 
to the second receiver module 30b» and wavelength X4 is directed to the third 
receiver module 30a. 

Bach receiver module 30a-30c extracts the information carried in the modulated 
20 li^t beam« and ou^uts an electrical signal (Eu E3 and Hi) carrying this information. 
Typically, such information would camprise digitally encoded data. The transmitter 
modules 30a«30c are each arranged to receive data in the form of digitally encoded 
electrical signals (say b/, E3' and E4') and convert the electrical signals into intensity 
modulated opUcal beams X}\ X3' and ThcAc team are then optically coupled^ via 
25 optical fibres 78a''78c, into the transmission optical fibre transmission line 72 by the 
add multiplexer 76. 

In this way, it is possible to e^ttract data carried as wavelengths Xu and X^^ fiom 
the optical fibre transmission line 72 and insert optical beams X3' and Xx 
30 ciaiying different data. Optical beams Xz and ^s-io bypass the transmit/receive 
device 70 altogether. 



Tho newly generated optical beams Xu and A4' must be of die same wavelength 
as the extracted beams Xl, X3 andXior be airanged to be of a wavelengdi not already 
being Utod to transmit data through the fibre. Tn odier words, any beam coupled back 
S into the fibre ttansnaission line must be of a different wavcleng^ to any beams 
already propagating through (and not extracted from) the fibre. Hence, if the 
wavelengdi of a laser in a tiansmic module is fixed, it is only possible to use that 
modnle to add a beam to the transmiasion fibre if the coctifisponding wavelength 
beam is extracted from the optical fibra or is not propagating tfarongh^efifare Inthe 
10 first place* A tuneable laser may be used in one or more of the transmitter modules 
forming the transnut stage 80« if required, to allow a transmitter module to output 
any one of a number of dlfTetant wavelengths, Thia increases the flexibility of the 
artangemeiit. . 

IS It should also be noted that the drop demultiplexer 74, the add multiplexer 76 aAd 
the transmit/keceive device 70 may all be formed on a common substrate. For 
example, optical add/drop multiplexers (OADMs) or le-configuxable optica] 
add/drop multiplexers G^OADMs) may be used. In sudi an arran^ment» hollow 
core optical waveguides may be'formed in the substrate to replace the opticBl fibres 

20 73 and 78 and to cany the bypass beam firom the drop demultiplexer to the add 
multiplex^* This fuithcir rt^dbiices optical losses and Airier increases the 
compactness of the arcangement ^ 

The apparatus * may also be dimensioned to exploit the so-called "re^imaging^' 
25 phonomana that is found with multi-mode waveguides. The length bestween the 
Optical components may be selected to be the td-imaging length (or a nuiltlple 
thereof) of the hollow core waveguide such that, for a multi-mode waveguide of 
given cross-section dimensions, an image of the input beam profile is r^oduced in 
the vicinity of the consponents. 

30 

The re-imaging effect is described in moic detail elsewhere; for example see PCT 
patmt application GB2003y000331. In shorty iL has been found that multi-mode 
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waveguides (In particular those with a xootangular ctoss-soction) can be designed to ' 
provide re-imaging of symmetric, anci-aynunetdc or asymmetric optical fields of a 
given wavelength by designing the length of the waveguide to have an appiopriate 
leladonship to its width and dep^L In other words, the Gaussian input prcrfilc of a 
5 ' input beam is xe-imaged reproduced) after propagating a certain distance along 
a given waveguide. This effect also gives rise to beam replication; i-e. muWple 
images of the beam being formed at distances shorter than the tc^imaging lengdi. 
These effects have been described previously in US5410625 and provides the basis 
for multi-mode intetfexence (MMI) beam splitting devices. 

10 . ' 

As an example^ consider a symmetric field in a square sectioned waveguide. This 
will have a r&-imaging length that is given by the square of the waveguide width 
over the wavelength of fiie propagating radiation. Re-ima^g of the aymm^c field 
occurs at the re-imaging length and multiples Of Che re-imaghig length. For the ease 

IS of a S0.0M3U wide hollow waveguide and l.SS^m radiation, the oe-ima^ng length is 
thus 1.613 mm. The aymznetric field would be re-imaged at this Iragth and also at 
integer multiples of this Length, i.e. 3.23 mnu 4.S4 mm etc. For example* a TEMm 
Gaussian input t>eam fcom a singjle mode optical fibre could be re-imaged at 
distances of 1.613 mm. 

20 

Altemafively. for ttie case of an asymmetrio optical field, re-imagbig occurs at elg^t 
times the length tequbed for syounetric field te-imaging, 1.6. at 12.09 mm for a 
50.0[im wide hollow waveguide. A minor image of the asymmetric field is also 
fOTrtied ai half Biis length i.e. at 6.05 mm. In particular^ offsetting the input from the 
25 centre line of the multimode region provides an asymmetric input dial is re-imaged 
at pre-det^mined distances along the guide at an equivalent offset on either side of 
the centre line. 

In the case of a recta:agular wavegdde where the depth and width of ihe waveguide 
30 are substantially different* the re-imaging lengths associated wiHi the two 
waveguide cross-sectional dimensions (e.g. depth and width) are themselves 
different However, by arranging diat the relationsliip between the dimensions of the 
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mtangular hoHow waveguide Is such that re-imaging h produced at identical 
lengths for the particular width and depth, any field can be ic-imagpd. Hius. a 
aymmetric field can be le-imaged in a hollow rectangular waveguide by arranging 
that the re-imaging leagOia associated with axes of width W| and w^ to be identical. 
5 the use of taponsd waveguides alao allows beam expansion or compression. 

A re-iTnaging implementadon has the advantage that collimating means (e.g. lenses) 
are not required in order to couple light between Ihe hollow core waveguides and the 
associated optical fibies. 



Oaima. 
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1. A tranfltiiittor ^?p^iutus comprising one or znovB lasarsi modulation means to 
intenalty irKsdulnto radiation output by each of said one or more lasers^ and output means 
fox Quitting the modulated radiation produced by the modulation means eharacterised 
in that the ^aratus comprises hollow core optical waveguides formed in a substrate 
which, in use, guide radiation fStvam the one or more lasers to Ac modulation means and 
from the modulation meana to the ou^ut means. 

2. An apparatus according to any preceding claim wherein at least one of the one or 
more lasers and flia modulation means is a discrete component 

3. An apparatus according to claim 2 wherein said discrete component is located in 
an alignment slot formed in the substrate. 

. .1* 

4« An ^aratus accordfaig to any preceding claim wherein at least one of the one or 
more lasers and the modulation means is a monolithic component formed in the 
substrate. 

S« An appaiatus according to any preceding claim wherein fhe output means is 
arranged to couple iho modulated ladiadon into at least one output optical fibre. 

6. An af^aratus according to claim S whcasin the oQtput means comprises at least 
one fibre attachment means. 

7. An apparatus according to claim 6 wherein at least one optical fibre attacfament 
means is arranged to receive a lensed output optical fibre. 

8. An apparatus according to claims 6 wherein at least one optical fibre attachment 
means comprises a mode matching means. 

9. An apparatus accon^Ung to any preceding claim compriisiTig one laser. 
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10. An appsraXm according to any ono of claims 1 to 8 and oojnprislng a pluraliiy of 
lasers. 

11. An apparanifi according to claim 10 whcxdn each of said plunOicy of lasers have 
a different output wavelength. 

12. An i^pamtuj according to claim 11 wheirQin beam combining means are 
additionally provided to combine the plurality of modulated beams into a combined 
beam wlieiein said output means is airan^ to couple fiie combined beam into a single 
output optical fibM. 

13. An apparatus jscccnfing to any of claims ID to 11 wherein said output means la 
anan^ to couple each of said plurality of modulated beams into one of a plurali^ of 
output optical fibr^. 

14. An apparatus according to any preceding claim wherein one of ^d one or moat 
lasers is a semiconductor laser. 

15. An apparatus according to claim 14 wherein said semicondoctor htscx is a 
wavelengilh tuneable semiconductor laser. 

16. An ^paiaCoa according to any preceding claim wherein one or moie detectors are 
provided to monitor the intensity of radiation output by aaid one or more lasers. 

17. An apparatus according to any preceding claim and further comprising at least 
one optical isolator. 

18. An apparatus according to any prececEng claim wherein one or more beam 
shaping means are j^rovided 



24 

19* An appaxatus according to claim 18 whecdn at (east one of said beam shaping 
means comprise one or more lenses. 

20. An apparatus according to any one of claims 18 to 19 whcreiti at least one of said 
beam shaping means comprises a tapered hollow cote optical waveguide. 

21. An apparatus according to any preceding claim wherein aaid modulation means 
comprises one or more electro-optic modulators. 

22. A transmitter s^aratus compiising at least one laser capable of producing 
intensity modulated taxation and ou^ut means for coupling the radiation produced by 
the laser into at least one output optical fibte characieTised in that the apparatus 
comprises hollow com optical waveguides formed in a substrate which, ui use, guide 
radiation from the at least one laser to the at least one optical fibre, 

23. A recdver apparatus comprising one or moce detectors and one or more optical 
fibre attachment means, the one or more optical fibre attachment means being arranged 
to receive one or more one optica] fibras, ohaFacterlsed in that radiation is guided from 
the one or moi^ optical fibres to the one or more detectors by at least one hollow cote 
optical waveguide farmed in a substrate. 

24. An apparatns according to claim 23 comprising a plunility of detectofs. 

25. An apparatus according to daim 24 wherein a plurality of optical fibre 
attschment means ana provided to receive a plntality of optical fibres. 

26. An apparatus according to claim 25 wherein, in u&e, radiation ixom each of said 
plurslity of optical fibres is guided to cme of the plurality of detectors. 

27. An apparatus siccording to claims 24 wher^ one. optical fibre attachment means 
is provided, said optical fibre attachment means being arranged to receive one optical 
fibre carrying radiation comprising a plurality of different wavelengtii channels. 
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28. An apparatus according to claim 27 and further comprising wayelength 
demultiploodng rowms. said wavDlcngth demultiplexing means being arranged to separate 
sold different wavdength channels and to direct each wavelength channel to one of the 
plurality of detectors. 

29. An apparatus according to any one of claims 23 to 28 and further comprising at 
least one vaxiable optical attenuator arranged to provide controllable atteniMUion Of the 
radiation received iVom aaid at least one optical fibre. 

30. An apparatus accoiAng to any one of claims 23 to 29 and further comprising at 
least one wavelength selective filter. 

* * • . 

31. An apparatus according to any one of claims 23 to 30 wherein at least one optical 
fibre attachment mieans compnses a mode notatchiDg means. 

32. An apparatus according to any one of claimis 23 to 31 wherein ^> least one optical 
fibre attachment means is arranged to receive a lensed optical fibre. 

33* An transmit/receive qrpsratoa contpnaing transmitter apparatus as claimed in any 
one of claim 1 to 22 and receiver appamtos as claimed fai anyone of clainos 23 to 32. 

34. Aprparotus according to claim 33 wherein said transmitter aK>aratUB and said 
receiver apparatus ate formed on a common substrate. 

35. An apparatus accotdng to any preceding claim wherdin the substrate compnses 
semiconductor xnatBrial. 

36. An ^paratus according to claim 35 wherein the substrate comprises a silicon on 
jTisuUtor (SOI) wafer. 
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37. An apparatus according to any praceding claim formed by xnicro-febricotlon^ 
techniques. 

38. An apparatus accordmg to claim 37 wherein the micro-fabxlcation techmque 
includes deep TBacdYe ion niching. 

39. An apparatus according to any preceding claim wherein the hollow core optical • 
waveguides are of substantiaUy lectangolar cross section. 

40. An apparatus according to any preceding claim wherein the hollow core optical 
waveguides are dfanenaioncd to preferably guide radiadon propagating in the 
fundamental mode. 

41. An apparatus according to any one of claims 1 to 39 wherein tb& hollow core 
optical waveguides are dimensioned to preferably guide radiation propagating in 
multiple optical modeSt 

42. An apparatus according to any preceding claim wherein the internal surfaces of 
the hollow core optical waveguides cany arcflective coating. 

43. An i^arotus according to any precedmg claim wherein the substrate comprises a 
base portion and a lid portion. 

44. A transmitter module as substantially herein described with reference to figure 1 
and 3. 

45. A receiver module as substantially herein described with reference to figures 2 
and 3. 

46. A transnjittetftreceiver module as subatantially hradn described with refaence to 
figure 4. 



Abstract 
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OPTICAL TRANSM TTTER AND RRCRTVER APPARATUS 

A transmittBT apparatus (2) is described that comprises one or more lasers (4), 
modulation means (10) to intensity modulate radiation output by cacli of said one or 
more lasers (4), and output means for outputting the modulated radiation produced by the 
modulation naeans into, ibr example, an optical fibre (22). The i^aratus comprises 
hollow core optical waveguides (20) formed in a substrate (18) which, in use, gidde 
radiation from the one or mote lasers (4) to the modulation means (10) and from the 
modulation means (10) to the output means. An associated receiver apparatus (30) is also 
described that comprises one or mm detectois (32) and one or matre optical fibre 
attachment means* the one or more optical fibre attachment memis being arranged to 
receive one or more one optical flbrea (42). The receiver is charactmsed in that radiation 
is guided ftx>m the one or more optical fibres (42) to the one or more detectors ^2) by at 
least one hollow core optical waveguide (40) formed in a Btib8trate« A comtdned 
receiver/transmitter appacaixis (70) is also shown. 

Figure 1 ref^ns 
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